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A CFD-based approach has been developed in this work to predict the overpressure
produced during an explosion. An adiabatic exothermal reaction allows computing the
explosion energy release. To validate the proposed CFD approach, overpressure predic-
tions based on this methodology are compared with results produced with the TNO-
based method. It is demonstrated that the physics adopted in our model produces satis-
factory predictions in the open area. The CFD simulations were carried out in the ANSY'S
CFX tool. The source of energy corresponds to the one produced by a stoichiometric
proportion in reactants without energy generation. The explosion analysis considered that
explosion occurs geometrically as a sequence of control volumes. Thus, the explosion in
a volume is assumed to occur when the maximum pressure is achieved in the previous
control volume. This way, the explosion is propagated and it is shown that it is equivalent

to conventional predicting methods.
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Introduction

Explosions represent a hazard frequently found
in the process industry. It consists of a rapid com-
bustion of clouds producing a fast release of energy
and gas expansion. Several explosion accidents
have occurred in processing plants'. Human and
economic losses justify the study of these accidents.
Explosions are complex phenomena, which come
from a sudden and rapid release of energy. This en-
ergy is dissipated in the form of heat radiation,
acoustic waves, and waves of pressure. Explosions
differ in characteristics depending on their source of
generation, i.e. liquid at boiling, reactions out of
control, and partially confined vapour®. The nature
of explosions limits their study, due to: a) low oc-
currence time scale, b) uncertainty in the pressure
wave, and c) uncertainty on the energy released.
This last point has been estimated using first-princi-
ples of thermodynamic equilibrium for the system.
This estimation includes the mechanical energy of
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the overpressure wave; however, both final and ini-
tial conditions of the system are typically unknown?.
Thus, the prediction under thermodynamic equilib-
rium has involved experimental data.

A simplified model consists of mathematical
correlations with parameters of occurrences under
real-world scenarios. This kind of model can reli-
ably represent explosions and determine the profile
of overpressure. Among other, the TNT equiva-
lence?, TNO Multi—energy’ and Baker—Strehlow®.
The results of these methods have been used to al-
locate process units and containment systems. Un-
fortunately, these models do not consider the effect
of obstacles in the explosion. Despite this, these
models have been used frequently due to their sim-
plicity. Nowadays, the CFD (Computational Fluid
Dynamics) predicts the phenomenon of explosion
with greater precision accounting for the local envi-
ronment such as confinement, congestion and
blockage issues.

CFD has been applied in various areas of engi-
neering. CFD represents a solution to the transport
equations under their spatial discretization. In pro-
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cess safety, CFD has been used to predict gas and
vapor dispersion’, blast from gas, pool fire® and dust
explosions® 2, The transport equations include an
energy source parameter when modelling explo-
sions. CFD has solved problems of simulation for
explosion under various physical scenarios such as:
a) an obstructed environment equivalent to a porous
system!?, b) a confined environment'*!> and c) vent-
ing ducts'S. In these works, the results indicated that
the strength of an explosion increases when increas-
ing confinement and turbulence. Other works have
incremented the complexity in the system due to
dispersion scenarios with the allocation of the igni-
tion source!’. These approaches described congest-
ed with forced ventilation systems'®, open systems'”
and diverse geometries®.

CFD packages simulate the hydrodynamics of
fluid in a variety of systems. The Gexcon package
FLACS is becoming a leader in simulation of ex-
plosions. FLACS results have been validated with
rigorous experiments in different scenarios®'. This
package predicts dispersions of dense gases under
the k-¢ model of turbulence?. FLACS has estimated
potential overpressures in several case studies* and
accidents®. Explosion calculation by FLACS con-
siders combustion in a stoichiometric gas mix.
During combustion, the fluctuations of species in-
fluence the kinetic energy dissipation due to the use
of the Arrhenius model®. Temporal and spatial ef-
fects of scale re-evaluate the dissipation of energy
under source terms. Turbulence kinetic energy and
momentum equations include these source terms?.
However, this approach requires the continuous
consumption of gas in stoichiometric proportion,
which can be considered as equivalent to a series of
explosions in a time and space of low scale. This
generates the prediction of an explosion as in an
adiabatic system. The method TNO predicts over-
pressures at different levels of congestion, but in
practical situations, the level of congestion cannot
be defined in the majority of cases.

In this work, ANSYS-CFX simulations are car-
ried out without using a term for energy generation.
The explosion analysis is based on a series of con-
trol volumes without congestion, where the explo-
sion in a control volume starts at the time of its
maximum pressure to end up in a geometrical series
of explosions.

The proposed strategy

The explosion produces three phenomena:
combustion, turbulence, and gas expansion. Com-
bustion starts as a flame whose instability increases
the rate of combustion. This causes further expan-
sion of gases and turbulence. Turbulence acceler-

ates the burning, and the amount of fuel is propor-
tional to the expansion of gases. This description
corresponds to a cycle of power generation, which
is characteristic for an explosion®”%,

The explosion occurs when gas concentration
belongs to the interval defined by the lower and up-
per flammability limits. These limit values are spe-
cific for each fuel. In this analysis, the origin of the
explosion is a cloud of gas fuel in dispersion. When
the concentration achieves values inside the flam-
mability limits, the cloud can be ignited. The whole
cloud is then represented through a series of control
volumes. These volumes allow describing the ex-
plosion as a series of consecutive explosions. Gas
cloud data are taken at 7 minutes after having the
release, as suggested for evacuation purposes.

The proposed strategy starts by simulating the
gas dispersion using the code CFX 14.0 of ANSYS.
The gas dispersion during 7 minutes is simulated,
and the size of the cloud estimated. The next step
corresponds to the activation of the adiabatic reac-
tion assuming that the explosion occurs adiabatical-
ly in the called first volume of control. This first
volume corresponds to the one where ignition is
expected to be produced. Then, the explosion is
modelled in a process simulator (ASPEN Plus 7.2
in this case) to estimate the resulting temperature,
pressure, and mass composition in this volume.
These values are plugged into the CFD simulation
to obtain the effect on surrounding volumes. When
conditions for explosion in surrounding control vol-
umes are achieved, explosions are produced, and
the process simulator is used to calculate again the
resulting conditions. The procedure is repeated until
no more explosions can be produced in the whole
system. Figure 1 shows graphically the proposed
methodology.

CFD model

CFD is used in this work to describe two sce-
narios. The first case corresponds to the cloud gen-
eration during the gas release, while the second case
corresponds to modelling the escalation of the first
explosion into radial explosions. Both cases corre-
spond to transient simulation with compressible flu-
ids, and the governing equations are identical for
both scenarios, i.e. conservation of mass, momen-
tum, energy, and species. These equations are given
in Table 1. The main variables are: v, velocity vec-
tor, P, pressure, T, shear stress tensor, g, gravitation-
al acceleration vector, 7, temperature, q, heat flux
vector, Y, mass fraction per specie i. The main cal-
culated properties are: p, density, C,, specific heat
capacity, D, kinematic diffusivity of components
i-j. The kmematlc diffusivity is calculated by:
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aTI.S
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where a, b and ¢ are correlation parameters for the
binary system i-j.

The numerical solution of the governing equa-
tions is rather complicated. The nonlinearities in the
momentum equation are due to the turbulence®. A
wall adjacent to the fluid generates turbulence,
which is treated under theories of scale and it should
include a model for energy dissipation. Turbulence
theory has a number of models based on different
assumptions. The x-¢ model contains two equations,
which are appropriate for an open space with low
wall effect. The standard x-¢ model has been de-
scribed by Launder and Sharma®, and it includes a
variation in the turbulent kinetic energy, «:

oK
E-FV-VK:t2VV—8+V~((V+VT)VK) )

and the variation of the turbulence dissipation, é&:
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where v is the kinematic viscosity and v, is the tur-

bulent kinematic viscosity that is calculated by:

2
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The solution of this equation is possible in all
CFD codes. The following section describes the
scenarios considered in the dispersion conditions
and the characteristics of the CFD-based approach.

Case study
The solution of the governing equations quanti-

fy the gas dispersion and the dissipation of an ex-
plosion. The solution starts with the conventional

Table 1 — Governing equations

Dispersion
Starts

Valuesat7 min
arereadingin
control volume

v

ASPEN computes
adiabaticstoichiometric
rate reaction

y

Values of control ANSYS CFX solves
volume are taken

Turbulence models

Analyze
results
End

snecessary
another
imulation2

YES

Fig. 1 — Schematic representation of the proposed
methodology

strategy of CFD in the ANSYS Workbench. Thus,
the strategy includes: development of the geometry,
set-up of mesh, definition of the scenario, and nu-
merical solution. The cloud dispersion is represent-
ed in an open geometry. The geometry mesh in-
cludes tetrahedral elements (20,084 nodes and
91,383 elements) and hexahedral elements (27,054
nodes and 15,265 elements. The mesh metric quali-
ty was obtained for skewness, aspect ratio, and or-
thogonal quality. The skewness indicated how close
the cell size approached the optimum cell size in a
circumsphere. A value close to zero is the most de-
sirable, and the skewness value for the dispersion
zone was 0.274. The aspect ratio is defined as the
relationship between the length of the longest side
and the length of the shortest. Values lower than 40
are considered acceptable, and the aspect ratio val-
ue for the dispersion zone was 1.957. The orthogo-
nal quality indicated the minimum value of the or-
thogonal relation between (A, f) and (A, c¢), where

Equation Description
aa_p =V.pv Continuity
t

%(pv):—v-pvv—VP—V-t—pg

0
E(pCPT):—V-(pCPTV)—V-q—t:VV

Z(px)+V-(prv)=-V-3,

Momentum conservation

Energy conservation

Specie i conservation
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Fig. 2 — Top view of the meshing for gas dispersion scenario
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Fig. 3 — Propane cloud at 7 min, iso-surface with mass fraction of 5 - 107

A is the face normal vector, f is a vector from the
centroid of the cell to the centroid of the face, and ¢
is a vector from the centroid of the cell to the cen-
troid of the adjacent cell. The most desirable for
these cases is a value close to 1, and the orthogonal
quality value for the dispersion zone was 0.835.
Figure 2 shows a top view of the mesh for the gas
dispersion.

The source of emission is propane, and its fea-
tures are: a) flow of 1 kg s!, b) temperature of 288
K, and c) discharge through a pipe of 0.0254 m of
diameter at 1 m above floor level. The Peng-Robin-
son equation of state is used to model the gas be-
havior. The atmosphere is standard with the follow-
ing values: a) temperature 298 K, b) pressure
101354 Pa, and ¢) 0.233 mass fraction for O, and
the rest being N,. Terrain roughness is considered as
0.0001 m. This scenario does not consider the effect
of wind, while viscosity and thermal conductivity
have the standard values for air. Kinematics diffu-

sivity follows the expression (1), and parameters
have values of: ¢ = 5.826 - 10° m?s™', b = 1.8033
K, and ¢ = —45.1061 K'?. The solution for disper-
sion took increments of time variables until 7 min.
Figure 3 shows the fraction of 5 - 10~ for propane
after running 7 min of dispersion, and Figure 4
shows the concentration and pressure profiles.

A total of eleven control volumes, cubes with 2
m/side, were considered. A volume for the neigh-
borhood was also included. This way, control vol-
umes were immersed in the neighborhood. The
mesh for this geometry had 18,550 nodes and
12,338 hexahedron elements. Figure 5 shows the
mesh using two perspectives.

Results and discussion
The dispersion generated a cloud of 80 m in

length. It required the use of 40 control volumes;
however, 11 control volumes were applied to save
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Fig. 7 — Profiles of pressure prior to blast and overpressure

computational time. This amount of control vol-
umes represented a first step of the simulation. Sim-
ulations in stages started in the 3™ control volume,
whereas control volume 8 was the last stage simula-
tion. Data for control volume 9 were placed in con-
trol volume 3 of the next stage. There were a total
of 7 stages to cover the 40 simulated control vol-
umes. The calculation time was 1500 s by simulat-
ing in a PC with 8 GB of RAM and processor In-
tel-i7 (R) 3.9 GHz.

The ASPEN package was used to calculate adi-
abatic reaction conditions. The first control volume
obtained a temperature of reaction of 460 K. This
value for temperature did not exceed the self-igni-
tion temperature for propane (766 K). For this rea-
son, the onset of the reaction was taken as the mo-
ment of maximum pressure in the control volume to
reproduce the worst potential effect. This maximum
pressure was achieved in the first volume of control
when time equalled 0.0034 s. This time was pro-
duced in all simulations.

The results of the simulations included tem-
perature profiles and overpressure. Figure 6 shows
the temperature profile, which follows the trend of
the propane fraction mass in the dispersion. This in-
dicates a clear dependence of the temperature on

Pressure prior to blast (kPa)

the mass fraction of fuel as the mixture becomes
leaner. Figure 7 describes the pressure in each con-
trol volume before the blast, as well as the maxi-
mum overpressure effect after the blast. These val-
ues result from the aerodynamic behavior of
combustion gas inside control volumes. These pro-
files are independent of the cloud pressure profile
during dispersion, Figure 4b. Both profiles follow
the tendency of the fraction mass during the disper-
sion. This feature shows the dependence of the
overpressure on the amount of mass.

Figure 8 represents the relationship between
the pressure before the explosion and the overpres-
sure. This relationship is linear and has greater val-
ues in zones with highest concentration in the cloud.
A similar analysis was applied to the temperature
before the explosion and temperature of the explo-
sion. The relationship between both temperatures
was similar to the relationship of pressures. Figure
9 shows the relationship between temperature prior
to the explosion and temperature of the explosion. A
high amount of points kept high temperature values.
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Fig. 9 — Comparative results for cloud temperature and ex-
plosion temperature
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Table 2 — Evolution of overpressure in the first five control

volumes
. Over-
Tzls?e pressure
(Pa)

0.0034 57969.4 |

< —— A

0.0068 53717.78

0.0102 612652 &

0.0136 62070.4

0.017 543684 -

This set of points correspond to the area with high-
est concentration in the cloud.

The turbulence of the system generated oscilla-
tions in pressure prior to the explosion. Figure 10a
represents these oscillations at different times of
simulation. The oscillations increased in response to
the generation of combustion gases. This is equiva-
lent to the production of waves in different spots of
standing water. Table 2 summarizes the evolution of
the overpressure. The cutting layouts in Table 2
show symmetry, indicating a spherical pressure pro-
file. Peaks in the overpressure at different times of
simulation existed in different areas of explosion,
Figure 10b. The explosion temperature presented an
oscillatory behavior, Figure 11. This behavior is a
result of the combustion gases movement and the
increase in the energy released by the combustion.

A comparison between the overpressure curves
obtained with CFX and calculated with TNO is nec-
essary here, Figure 12. Unfortunately, the literature
does not disclose a detailed description of the TNO
values®'s2. The curve of the CFX simulation data
seems to follow between levels 5 and 7. This indi-
cates that there is no congestion effect between
these levels, which agrees with our numerical ex-
periment.
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Fig. 10 — Profiles of pressure: a) oscillation of pressure,
b) peak of overpressure

Conclusions

It seems that simplified models of explosion do
not consider the turbulence effect. The package
FLACS approximates this effect under a first-order
reaction and applies a source of energy. The CFX
tool demonstrated the rigorous turbulence effect
during an explosion. The applied strategy consid-
ered simulation of consecutive explosions, assum-
ing an adiabatic reaction without a source of energy.
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Fig. 12 — Comparison of CFX overpressure with results of
TNO #5 and #7

This strategy has described the relationship between
the intensity of the explosion and the amount of
mass converted. The predicted behavior indicated
by the TNO method fits very well with our ap-
proach where no congestion areas are considered,
levels 5 and 6 of TNO, as indicated in that method.
This methodology could be extended to describe
explosions in systems with different levels of con-
gestion.
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